ABSTRACT. Popcorn is widely consumed in Brazil, yet there are few breeding programs for this crop. Recurrent selection (RS) is a viable breeding alternative for popcorn; however, the gains achieved must be frequently checked. The aim of this study was to assess the effect of selection for grain type (round and pointed) after four cycles of phenotypic RS on the main agronomic traits of popcorn, to estimate the genetic gain achieved for the trait of expansion volume (EV), and to obtain estimates of phenotypic correlations for the main traits of the crop in the UFLA E and UFLA R populations. The zero, one, two, and three cycles of the UFLA E and UFLA R populations, the fourth cycle, and the controls IAC-112 and IAC-125 were used. The experiments were conducted at the experimental farm of Universidade Federal de Lavras (UFLA; Environment 1) and at the experimental area of the Genetics and Plant Breeding Sector of the Department of Biology at UFLA (Environment 2) in the 2010/11 crop season. Nine agronomic traits were evaluated, including EV and grain yield (GY). The UFLA R and UFLA E populations showed similar behavior for all evaluated traits. The type of grain did not affect the genetic gain for EV, which was 5 and 3.7% in each cycle carried out in the UFLA E and UFLA R population, respectively. Phenotypic selection carried out during recombination for EV is an effective method for increasing expression of the trait. EV and GY did not show a linear association.
INTRODUCTION
Most popcorn consumed in Brazil is derived from cultivars with imported seed (Scapim et al., 2006) . There are few breeding programs in Brazil dedicated to this crop even though it has a strong social orientation, providing high economic return, particularly in the informal economy, which is well above that obtained by the common corn crop (Rangel et al., 2011) .
Popcorn breeding programs seek to develop populations with high grain quality and grain yield (GY); this is measured by expansion capacity (EV). There are reports that these traits exhibit a negative association, and there may be a greater or lesser degree of association depending on the genetic base of the population (Carpentieri-Pípolo et al., 2002; Daros et al., 2004a) .
Because genetic control of EV and GY, among other traits, is certainly polygenic, it is necessary to conduct successive selection cycles (recurrent selection, RS) to achieve success (Hallauer et al., 2010) . RS has been successfully carried out in popcorn breeding in both the present population (Ematné et. al., 2012) and under different conditions and using other populations (Daros et al., 2004b; Pacheco et al., 2005; Santos et al., 2008) .
During RS programs, it is necessary to periodically assess whether there are gains from selection in order to check how has been improved the populations under study, and also to quantify the genetic gain for target traits obtain (Hallauer et al., 2010) . Therefore, the aim of the present study was to assess the effect of selection for grain type after four cycles of phenotypic RS on the main agronomic traits of popcorn, to estimate the genetic gain achieved for the EC trait, and to obtain estimates of phenotypic correlations for the main traits of the crop.
MATERIAL AND METHODS
The populations UFLAE, cycles zero, one, two, and three (UFLA-E 0, UFLA-E 1, UFLA-E 2, and UFLA-E 3); UFLAR, cycles zero, one, two, and three (UFLA-R 0, UFLA-R 1, UFLA-R 2, and UFLA-R 3); UFLA C4; and the controls IAC-112 (modified single cross hybrid), and IAC-125 (top cross hybrid) were used.
The populations UFLA-E 1, UFLA-E 2, UFLA-R 1, and UFLA-R 2 were obtained as described by Ematné et al. (2012) , and the populations UFLA-E 0 and UFLA-R 0 were derived from the first selection for grain type (rounded or pointed) of the original UFLA population (Ematné et al., 2012) .
The 20 best half-sib progenies (HSP) of the UFLA-E 2 population were recombined according to the modified Irish method, in a time-isolated field (Hallauer et al., 2010) . Recombination of the HSP was performed according to the experimental model, i.e., a randomized complete block design with three replications. Nevertheless, for every three pollen receptor plots (detassled plots), a pollinating row was introduced, which was composed of an equal mixture of the 20 HSPs. After obtaining the recombinant progenies, a sample was removed, thus constituting the UFLA-E 3 population. The HSPs were assessed for the GY and EV traits. Using selection between and within progenies, the 15 best HSPs were selected.
An analogous procedure was carried out to obtain the UFLA-R 3 population. The UFLA-C4 population, was obtained through recombination of the 15 HSP selected in the UFLA-E and -R populations of the third cycle, jointly, according to the time-isolated modified Irish method.
Experiments assessing the selection cycles and controls, were conducted at the Universidade Federal de Lavras (UFLA) experimental farm (Environment 1), located in the municipality of Lavras, MG, Brazil, at 951 m altitude, 21°12' S latitude and 44°58'W longitude, and at the experimental area of the Genetics and Plant Breeding Sector of the Department of Biology of UFLA (Environment 2), located in Lavras, MG, on the UFLA campus at 918 m altitude, 21°14'S latitude and 40°17'W longitude.
Experiments were planted in the 2010/11 crop season under dryland conditions. Crop treatments were those recommended for the corn crop in the no-tillage system for the southern region of Minas Gerais. The experimental design for both environments was a complete randomized block design with seven replications in Environment 1 and four in Environment 2. Plots consisted of two 3-m rows at a spacing of 0.6 m, with four plants per linear meter.
The traits evaluated per plot in the two environments were plant height (PH); ear height (EH); prolific plants index (PI); ear diameter (ED); cob diameter (CD); ear length (EL); stalk lodging (BS); grain yield GY), corrected for the ideal stand of plants per plot (24 plants) and for standard moisture of 13%, and expansion volume (EV) in mL/g. In each plot, three 30-g grain samples were assessed in an 800-W microwave oven for 3 min (180 s) according to the modified method described by Matta and Viana (2001) . The expanded popcorn was measured in a 1000-mL graduated cylinder.
All traits were subjected to individual analyses of variance with additional controls, considering the mean value per plot. Joint analyses was carried out after verification of the homogeneity of residual variance for each trait in the two environments.
The phenotypic mean values obtained from joint analysis were compared by the cluster analysis method for grouping means as proposed by Scott and Knott (1974) , considering a 5% level of probability. Experimental precision was estimated by selective accuracy (Resende and Duarte, 2007) . Linear regression was obtained for the estimate of genetic gain with the dependent variable (X) being the number of cycles and the independent variable (Y) being the EV. The phenotypic correlations between the traits evaluated were estimated and their significance verified by the t-test at a 5% level of probability. Analysis was carried out by the statistical software Genes (Cruz and Carneiro, 2004) .
RESULTS AND DISCUSSION
In these experiments, good estimates of selective accuracy were obtained (which quantifies experimental quality), with variation ranging from 40 to 92% for the PI and EV traits, respectively (Table 1) . For the traits whose genotype source of variation was significant (P < 0.05), accuracy was above 78% (Table 1) , which is classified as high precision according to Resende and Duarte (2007) .
According to joint analyses (Table 1) , the EV, EL, and CD traits were significant (P < 0.05) for the genotype and cycle source of variation, i.e., the cycles differ for these traits (Table 1) . This situation was expected for EV because this trait was prioritized with advancing generations.
The environment source of variation found that variation occurred between environments for the EV, GY, PI, and BS traits; however, it did not verify interaction between he genotypes in the different environments, i.e., the genotypes exhibited consistent behavior (Table 1) . (Table 2) .17 cm for PH and EH, respectively, were obtained using the same controls as the present study. Therefore, it may be inferred that the assessed populations exhibited PH and EH standards that are acceptable to the market, since they did not differ from the controls (Table 2) , which are commercial hybrids.
Among the EL, ED, and CD traits, only CD resulted in the formation of two groups by mean cluster analysis ( Table 2 ). The selection made in cycle three contributed to the reduction in CD, while it did not reduce ED. This shows that the fourth cycle exhibits larger grains, which are favorable for increasing the GY traits in subsequent cycles. For the PI trait, variation was not identified (maximum amplitude among the cycles was 1.21-1.44). These estimates are consistent with those obtained by Viana (2007) by comparing three selection cycles of the Beija-Flor population with the original population.
The GY trait did not differ among the cycles and controls (P < 0.05) ( Table 1) . This observation was confirmed by the cluster analysis method for grouping means (Table 2) . Therefore, in comparison with the controls, which are commercial hybrids prominent in the Brazilian market, the populations used in this study have high productive potential. Matta and Viana (2003) , Scapim et al. (2010) , and Vieira et al. (2009) used the hybrid IAC-112 and/or IAC-125 as the controls (consistent with those used in the present study) and observed superiority of these hybrids in their studies; however, these hybrids were not superior to the different selection cycles of the present study, which confirms the productive potential of the populations.
Mean values followed by the same letter do not differ among themselves by the Scott-Knott test at a 5% level of probability. The UFLA popcorn program has prioritized an increase in the EV trait in populations as selection cycles advance, making use of tandem phenotypic selection in the recombination lots up to cycle three. This is supported by estimates found in the literature that the EV trait shows moderate-to-high heritability, with values ranging from 68.42 to 90.19% in the mean of the family (Santos et al., 2008; Freitas Júnior et al., 2009; Viana et al., 2010) . Tables 1 and 2 show that the EV trait exhibited significant differences among the selection cycles, being formed of two large groups, with the C4 and C3.E cycles standing out in relation to the others, and with the same popcorn quality as the controls. Overall, it may be observed that the present results are consistent with those reported by Hallauer et al. (2010) , who noted that for some traits in corn, performance of three recurrent selection cycles is not sufficient to obtain expressive gains. In the present study, differences among the selection cycles for EV were significantly expressed from the second cycle, which corroborates the findings of Hallauer et al. (2010) and Ematné et al. (2012) , who detected small but significant differences from the second selection cycle.
The high EV of the different cycles is noteworthy, and an overall mean value of 27.904 and 27.986 g/mL was achieved for the UFLA-E and UFLA-R populations, respectively, and 30.37 g/mL was achieved for C4 (Table 2 ). These estimates of EV are greater than those reported by Amaral Júnior et al. (2010) , Rangel et al. (2011), and Santos et al. (2008) when the fourth and fifth recurrent selection cycles were assessed in the UNB-2U population. This confirms the superiority of populations under study for EV.
The gain estimated for EV in the mean of the two environments for the UFLA-E population was 5% (1.268 mL/g) in each selection cycle with R 2 > 0.85 and for the UFLA-R population, 3.7% (0.9644 mL/g) in each selection cycle (Figure 1 ). These observations were confirmed by the contrasts Y(1), Y(2), and Y(3) ( Table 2 ), suggesting that phenotypic recurrent selection for EV is an effective strategy. This is because after only four selection cycles, it was possible to observe expressive gains of 20 and 14.5% for the UFLA-E and UFLA-R populations, respectively, corroborating the conclusions made by Matta and Viana (2003) . The data reported here show that the behavior of the two populations (UFLA-E and UFLA-R) was similar. Consequently, maintaining these populations separately would not be justified, since joining them would reduce expenses and expand variability and thus increase the chances of success in subsequent cycles, particularly because the pearl or rounded type of grain has higher market value.
Phenotypic correlations are a measure of association between traits. There was a lack of significant correlation (P < 0.05) between GY and EV ( Table 3 ), confirming that the selection undertaken for EV did not affect the GY trait, corroborating the results of Carpentieri Pípolo et al. (2002) , and Daros et al. (2004a) . This suggests that it is possible to achieve gains for the two traits simultaneously in the populations under study since there is no strong linear association between EV and GY. *Significant by the t-test at the level of 5% probability. Table 3 . Estimates of the coefficients of phenotypic correlation between expansion volume (EV, mL/g), grain yield (GY, ton/ha), prolific plants index (PI), ear length (EL, cm), ear diameter (ED, cm), cob diameter (CD, cm), plant height (PH, cm), ear height (EH, cm), and broken stalks (BS, transformed by square root plus 1, assessed in the populations of the different cycles and in the controls The phenotypic correlations between the traits ED and CD, EH and PH, EL and BS, and BS and CD show positive and significant (P < 0.05) associations by the t-test (Table 3) .
In summary, greater attention should be given to the GY trait in future cycles together with EV; that is, other breeding strategies should be adopted in the Popcorn Breeding Program of UFLA which take the GY and EV traits into consideration simultaneously. This is because phenotypic selection for EV in the unit of recombination is effective at increasing EV and not very effective at increasing GY, although it did not contribute to a reduction in this trait.
In conclusion, the populations assessed (UFLA-R and UFLA-E) all exhibited similar behavior as the selection cycles advanced for all evaluated traits. The grain type (rounded or pointed) did not influence the genetic gain. Gain achieved from recurrent selection for expansion volume in the UFLA-E population was 5% per cycle, and 3.7% for the UFLA-R population. There was no association between expansion volume and yield traits association.
